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We explore the effects of different boundary conditions and coupling schemes on the response
of a particle detector undergoing uniform acceleration in optical cavities. We analyze the ther-
malization properties of the accelerated detector via non-perturbative calculations. We prove non-
perturbatively that if the switching process is smooth enough, the detector thermalizes to the Unruh
temperature regardless of the boundary conditions and the form of the coupling considered.
I. INTRODUCTION
The interaction between matter and the gravitational
field has evaded a complete quantum description since
the first attempts to formulate a quantum theory of grav-
ity more than 60 years ago. Lacking a satisfactory quan-
tum description of the gravitational interaction, quan-
tum field theory in curved spacetimes (which links gen-
eral relativity with quantum field theory) is thus far the
most satisfactory framework to describe the interaction of
quantum fields with the space-time curvature. As of to-
day none of its predictions has been experimentally con-
firmed beyond analogue gravity [1], and bringing those
effects within experimental reach is a matter of great in-
terest [2–5].
One of the chief predictions of quantum field theory
(QFT) in curved spacetimes is the well-known Unruh ef-
fect [6]. It dictates that a detector with constant ac-
celeration a in free space, in which the field is in the
Minkowski vacuum, will experience a response equiva-
lent to its submersion into a heat bath with a tempera-
ture proportional to its acceleration. This phenomenon is
intrinsically related to the so-called Hawking effect [7, 8],
and understanding it is essential in order to investigate
more complex phenomena such as black hole dynamics
and possible quantum corrections to relativistic gravity.
The first derivations of the Unruh effect (based on the
characterization of the Minkowski vacuum in a unitarily
inequivalent Rindler quantization scheme via Bogoliubov
transformations) are not above criticism. A number of
very strong assumptions have to be made in order to jus-
tify the observation of a thermal bath by an accelerated
observer in the Minkowski vacuum. For example, the in-
finite amount of energy required to sustain the eternal
Rindler trajectory. It has also been argued that difficul-
ties arise in defining a Minkowski vacuum when boundary
conditions are specified on the scalar field on a manifold
[9].
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Despite these criticisms, later results in the context of
axiomatic quantum field theory [10] were used provide a
model-independent derivation of the Unruh effect. Fur-
thermore, derivations based on accelerated particle de-
tectors [11] that appeared soon after the original deriva-
tion reassert the importance of the Unruh effect. The
standard approach in grappling with the difficult compu-
tational problem of an arbitrary system interacting with
a scalar field on a curved spacetime manifold is to use an
Unruh-DeWitt detector [11, 12]. This simplified detector
model considers a two-level system coupled to a scalar
field with a monopole interaction of the form
HI = λ(τ) mˆ φˆ[x(τ)], (1)
where mˆ is the monopole-moment of the detector,
φ[x(τ), t(τ)] is the field operator evaluated along the
worldline of the detector, and λ(τ) is a number-
valued function that represents the strength and time-
dependence of the coupling. It has been shown that,
although simple, this Hamiltonian is a good model of the
light-matter interaction when no exchange of angular mo-
mentum is involved [13].
Typically the Unruh-DeWitt model is used within the
framework of perturbation theory, and very often re-
stricted to lowest-order calculations (see, for example,
[12, 14, 15]). However, perturbation theory is not always
applicable and breaks down when analyzing scenarios in-
volving strong coupling, large energy, or large time scales.
While it is relatively easy to perturbatively show that
the response of an accelerated detector to the vacuum
state is Planckian [12], perturbation theory is not the
most appropriate approach to study the thermalization
properties of the detector. In practice this is mainly be-
cause higher orders of perturbation theory would be re-
quired, increasing the calculational complexity even be-
yond those of non-perturbative methods. More impor-
tantly, thermalization is an equilibrium result achieved
over the course of long time scales. In general, such time
scales will not be accessible to perturbation theory since
the perturbative parameter, i.e. |〈H〉∆T | becomes larger
as time increases. Since thermalization is, in general,
an equilibrium process that requires analysis in the limit
∆T → ∞, reasonable criticism may be raised about a
perturbative claim of thermalization. Indeed, to check
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2whether or not the detector evolves to an exactly thermal
state, we will consider long time-scale evolution combined
with adiabatic switching (to perturb the system the least
when the interaction is switched on).
Concretely, one should not only check that the prob-
ability of excitation of the detector has a Planckian re-
sponse, one should also check to what extent the state
of the detector becomes thermal if the detector is care-
fully switched on and if the interaction lasts for long
enough times. This requires a complete calculation of
the detector’s density matrix; it is a common miscon-
ception that a detector’s Planckian response implies that
the detector thermalizes. For instance, the detector could
evolve to a squeezed thermal state which may exhibit the
same probability of excitation as some thermal state, but
which is not actually a thermal state. By the use of non-
perturbative methods we can make sure that thermaliza-
tion is achieved and that it is not an artifact of the use of
perturbation theory in regimes beyond its applicability.
Such non-perturbative methods were recently devel-
oped and applied to examine the response of a detector
within a cavity containing a scalar field [16]. The cavity
was a wave-guide with periodic boundary conditions in
which the detector was allowed to entirely cycle several
times during its evolution. Whereas this is physically
reasonable for the case of periodic boundary conditions,
it is not the correct setting to compare with more general
boundary conditions.
We consider in this paper the thermality of accelerated
detectors in optical cavities with different boundary con-
ditions. Extending the work of Brown et al. [16] (see also
[17]), we will demonstrate non-perturbatively that an ac-
celerated Unruh-DeWitt detector coupled to the vacuum
state of a scalar field thermalizes to a temperature pro-
portional to its acceleration, regardless of the boundary
conditions imposed. The scenarios we consider here also
differ from previous work in the way that the detector
trajectories are defined with respect to the cavity. For
example, we modify the cavity length such that the de-
tector remains inside a single cavity during its interaction
with the field, which is of capital importance for physi-
cality in the case of non-periodic cavities.
We do note that there has been an effort to under-
stand how imposing different boundary conditions mod-
ifies the response of detectors in non-inertial scenarios in
free space. For example, work has been done in a very
different context to examine the continuum Rindler case
[18], and a number of boundary conditions in Hartle-
Hawking vacua have been studied [19]. However, these
studies do not tell us if the boundary effects of a cav-
ity will prevent a uniformly accelerating particle detec-
tor from thermalizing due to the Unruh effect. To our
knowledge the only work that addresses this issue is the
aforementioned paper by Brown et al. [16] in the periodic
cavity case.
In addition to the study of the universality of the Un-
ruh effect and the existence of thermalization for different
sets of boundary conditions, we shall also briefly com-
ment on the effect of different methods of coupling the
detector to the field. Typically, we couple the detector
locally to the field through the detector’s monopole mo-
ment, µˆM =
(
aˆd + aˆ
†
d
)
. Here, we will also explore the ef-
fects of a different form of coupling, namely the coupling
of the detector’s monopole moment to the momentum of
the field.
Our findings indicate that in all of the scenarios un-
der consideration, the Unruh effect occurs. We observe
that the detector achieves thermalization with tempera-
ture proportional to acceleration. Thus, not only does
the Unruh effect occur inside a cavity (which imposes an
IR-cutoff on the field and, furthermore, isolates the field
in the cavity from the rest of the spacetime), it appears
to occur independently of the details of this IR cutoff
and of the spatial distribution of the cavity modes. This
demonstrates that the Unruh effect, which many have
argued relies on idealized details and thus cannot lead
to thermalization [20], is in fact a very general and uni-
versal phenomenon and that thermalization of particle
detectors can be computed non-perturbatively. Not only
is this a remarkable result from a fundamental point of
view, it also gives hope to the possibility of an experi-
mental realization of the Unruh effect in quantum optical
settings, where it has been shown that general relativis-
tic scenarios like the one we study here can already be
simulated [21].
Our paper is organized as follows. In Sect. II we
discuss the physical setup of our system, elaborating on
the differences between the various scenarios and bound-
ary conditions considered. In Sect. III we explain the
oscillator-detector model that we will be using in our
study, as presented in [16], and go on to discuss how we
solved for the evolution of the detector-field system. In
Sect. IV we present our results on the thermalization
of the accelerating detector along with the linear depen-
dence of its temperature on acceleration. Furthermore,
we demonstrate that these results are largely indepen-
dent of the boundary conditions imposed on the field. In
Sect. V we finish with some concluding remarks.
II. THE SETTING
We will consider a uniformly accelerated point-like de-
tector in its ground state going through a cavity pre-
pared in the vacuum state. The trajectory will be such
that the detector starts moving inside the cavity with a
given initial speed, with a constant acceleration in a di-
rection opposite to its initial motion. Hence the atom will
be decelerated while crossing the cavity. The detector
reaches the center of the cavity exactly when it reaches
zero speed, and then travels back to the initial point with
increasing speed until it reaches the position in which it
started, having the same speed as when it entered the
cavity but in the opposite direction. This trajectory of
the atom within the cavity as a function of the detector’s
3proper time τ is shown in Fig. 1. For larger values of the
acceleration the detector will exit the cavity. In principle
this is an issue as we mirror the field modes outside of
the cavity. However, over the range of accelerations that
we will consider the coupling decays so quickly past the
edges that these tails will not contribute significantly to
the observed final state. In addition, we find that the
linearity of the temperature plots is preserved even when
the detector escapes from the cavity.
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Figure 1. The detector’s (green, dashed) trajectory through
the cavity (red, solid) with acceleration a = 1.6. The Gaus-
sian switching function is plotted on the right axis with a
jagged magenta line.
To have a clean signature one must be careful with the
way in which the detector is switched on [16, 22] since a
sudden switching stimulates strong quantum fluctuations
that may overcome the Unruh effect. In order to reduce
switching noise we apply the same approach as [16]: the
interaction is smoothly switched on following a Gaussian
time profile so that switching quantum noise effects are
reduced. In particular, the switching function that we
use has the form
λ(τ) = λ0 exp(−τ2/2δ2). (2)
We prepare the ground state of the detector and the
vacuum of the field at a time τ = −T where the interac-
tion is switched on following the Gaussian profile above,
the atom has some initial speed and starts decelerating
until it reaches the centre of the cavity at time τ = 0. The
atom continues accelerating until the time τ = T when
it reaches the initial point again. In the settings that
we shall analyze, we will consider as parameters T = 4,
δ = 8/7 and λ0 = 0.01. With these parameters we find
that the switching is more than smooth enough for our
purpose; namely the detector’s response from the switch-
ing noise is negligible compared with the response from
acceleration.
We are going to consider different scenarios that corre-
spond to different cavity field settings. Let us rewrite the
interaction Hamiltonian (1) in the interaction picture in
the following general form
HˆI = λ(τ)(aˆde
−iΩτ + aˆ†de
iΩτ )
×
∑
n
(
aˆnun[x(τ), t(τ)] + aˆ
†
nu
∗
n[x(τ), t(τ)]
)
, (3)
where we have expanded the field operator in terms of
an orthonormal set of field mode functions un[x, t] which
will depend on the boundary conditions that are imposed
upon the field. The normalization of the field modes is
performed with respect to the Klein-Gordon inner prod-
uct [12].
If we choose a cavity of length L and we impose the
Dirichlet boundary conditions φ[L, t] = φ[0, t] = 0 (the
two walls of the cavity are ideal mirrors) we find that the
mode functions are the stationary waves
un[x, t] =
1√
knL
e−iωnt sin(knx)
where n ∈ Z+ and ωn = knc = npic/L.
In the case of a periodic cavity of length L (which
would correspond to physical settings such as closed op-
tical fibres or microwave guides or any other setting with
a torus topology), the modes are the set of right and
left-moving waves
un[x, t] =
1√
2|kn|L
e−i(ωnt−knx)
where n is an integer, kn = 2npi/L (negative (positive)
n corresponds to left-moving (right-moving) modes) and
ωn = |kn|c.
In the case of a Neumann cavity of length L (this is to
say, ∂xφ[L, t] = ∂xφ[0, t] = 0), the modes become
un[x, t] =
1√
knL
e−iωnt cos(knx)
where n ∈ Z+ and ωn = knc = npic/L.
Finally, as we described above, the worldline of the
detector inside the cavity parametrized in terms of its
proper time will be given by
t(τ) =
c
a
sinh(aτ), x(τ) =
L
2
+
c2
a
[cosh(aτ)− 1]
and the interaction will be smoothly switched on follow-
ing the curve (2) from time −T to T with suitable values
of L and T such that the atom always remains in the
cavity while the interaction is “on” (see Fig. 1).
III. GAUSSIAN FORMALISM
We will introduce the non-perturbative oscillator-
detector model. Replacing the usual two-level system
in the Unruh-DeWitt model with a harmonic oscillator
4is somewhat common in the literature [3, 23–27]. How-
ever, in almost all of these cases, a perturbative approach
was used, and not many practical non-perturbative re-
sults have been obtained in the past. Here we will use
the powerful non-perturbative Gaussian formalism devel-
oped in [16, 17] to analyze the thermalization properties
of the detector.
The only restrictions that apply to this formalism in
a cavity scenario are that the initial state of the sys-
tem is a Gaussian state (such as the vacuum, a coher-
ent or squeezed state or a thermal state) and that the
interaction Hamiltonian is quadratic in the quadrature
operators (in order to preserve the state’s Gaussianity
through time evolution). Restricting our consideration
to quadratic Hamiltonians is quite reasonable since the
interaction between matter and light is of this nature [28].
In addition, as the Unruh effect has almost solely been
studied in the context of free space, this provides an ex-
cellent excuse for us to tread into unknown waters by con-
sidering different cavity settings. Furthermore, any ex-
perimental verification of the Unruh effect is likely to be
more easily implementable in the context of optical cavi-
ties, so it is important to understand the phenomenon in
such a scenario.
Let us summarize the tools that we are going to employ
in this paper to obtain, non-perturbatively, the response
of a particle detector to the field vacuum. Instead of the
interaction picture, it will be more convenient to work
in the Heisenberg picture, following [16]. Let us form
a vector from the detector’s and field’s annihilation and
creation operators in the Heisenberg picture:
aˆ ≡ (aˆd, aˆ†d, aˆ1, aˆ†1, aˆ2, aˆ†2, . . . , aˆN , aˆ†N )T , (4)
where the subscript d corresponds to the detector and
the others correspond to the modes of the field. The
commutators of the components of this vector generate
a symplectic form
Ω ≡

0 1 0 . . . 0
−1 0 1 . . . 0
...
...
...
. . .
...
0 . . . 0 −1 0
 = [aˆi, aˆj ] (5)
Similarly, we can form a vector of quadrature operators
of the form
xˆ = (qˆd, pˆd, qˆ1, pˆ1, . . . , qˆN , pˆN )
T . (6)
These operators are related to the creation and annihila-
tion operators of each mode by
qˆi =
1√
2
(aˆi + aˆ
†
i ), pˆi =
i√
2
(aˆ†i − aˆi). (7)
In order to ensure that Gaussian states will remain
Gaussian over the course of their evolution, we also need
to evolve by a quadratic Hamiltonian:
Hˆ = Ωdaˆ
†
daˆd +
dt
dτ
∑
n
ωnaˆ
†
naˆn + HˆI(τ) (8)
where HˆI will in our case be given by (1) in the Heisen-
berg picture. Here Ωd is the frequency of the oscillator-
detector and ωn is the frequency of the n
th field mode.
In our notation we use τ to denote the proper time of the
detector (which is generally moving with respect to the
cavity) and t to denote the lab time, which is the time
with respect to which the field evolves. When computing
the system’s evolution as generated by some Hamiltonian
we must be careful to choose a specific time parameter
and construct the Hamiltonian accordingly. In the above
Hamiltonian we choose to evolve with respect to the de-
tector’s proper time τ . Since the field evolves with re-
spect to t, this means that we must include a “blue-shift
factor” on the free field’s Hamiltonian. A more complete
and rigorous explanation of this can be found in [16].
Since it is Gaussian, the state of the detector-field sys-
tem can be completely described by a covariance matrix
consisting of the first and second moments of the quadra-
ture operators. In our scenario we need not consider
states with first moments other than zero because of the
absence of Hamiltonian terms linear in the quadrature
operators, and so we determine the state by a covariance
matrix of the form
σij = 〈xˆixˆj + xˆj xˆi〉. (9)
where xˆ is the vector formed by the dimensionless posi-
tion and momentum operators from equation (6). Thus
the state of our single detector can be completely de-
scribed using the 2× 2 covariance matrix of the form
σd ≡
( 〈qˆ2d〉 〈qˆdpˆd + pˆdqˆd〉
〈qˆdpˆd + pˆdqˆd〉 〈pˆ2d〉
)
(10)
The time evolution of the entire covariance matrix, in-
cluding both the detector and the field, is governed by
the equation of unitary evolution [16]
σ(τ) = S(τ)σ0S(τ)
T (11)
where S is a symplectic matrix: SΩST = STΩS = Ω.
In addition, the symplectic matrix generated by a (gen-
erally time-dependent) Hamiltonian Hˆ(τ) satisfies the
equation
d
dτ
S(τ) = ΩF sym(τ)S(τ) (12)
with initial condition S(0) = I. Here F sym = F + F T ,
where F is a phase-space matrix encoding the form of
the Hamiltonian via
Hˆ(τ) = xˆTF (τ)xˆ. (13)
Keeping in mind that we will continue working in the
Heisenberg picture (our operators are fully time depen-
dent), we will make use of some computational techniques
beyond what was indicated in [16] that are inspired by the
principle of the interaction picture. Here, we make use
of an exact solution of the free symplectic time-evolution
matrix to speed up the computation.
5Namely, we split the evolution matrix into an exactly
solvable part (we could call it the free part) and a non-
exact part (that we could call the interaction part). From
equation (12), we take
ΩF sym(τ) ≡K0 +K1(τ) (14)
where K0 is exactly solvable. For our circumstances, we
choose
K0 ≡ Ω
(
F symd +
dt
dτ
F symf
)
. (15)
Here F symd and F
sym
f are the symmetrized matrices cor-
responding to the free Hamiltonians of the detector
and field, respectively. That is, their non-symmetrized
versions satisfy Ωdaˆ
†
daˆd = xˆ
TFdxˆ and
∑
n ωnaˆ
†
naˆn =
xˆTFf xˆ.
Although, strictly speaking, K0 is time-dependent due
to the dt/dτ factor, the fact that this is a total derivative
and that we are integrating over τ to solve the dynamics
means that we are still able to solve for the free evolution
exactly, so that if K1(t) = 0, equation (12) has the exact
solution
S0(τ) = exp
[
Ω
(
F symd τ + F
sym
f t(τ)
)]
(16)
Applying this interaction-picture-like approach, we de-
fine
SI(τ) ≡ S−10 (τ)S(τ)
KI1 (τ) ≡ S−10 (τ)K1(τ)S0(τ) (17)
It is then easily seen that (12) becomes
dSI(τ)
dτ
= KI1 (τ)S
I(τ).
The evaluation of SI(τ) can then be accomplished by
standard numerical techniques. The full Heisenberg evo-
lution matrix is then simply S(τ) = S0(τ)S
I(τ), and
the evolved state of the detector-field system is given by
σ(τ) = S(τ)σ0S(τ)
T .
IV. UNRUH TEMPERATURE AND
THERMALIZATION
Here we present the results obtained by applying the
formalism of Sect. III to the scenario outlined in Sect.
II. Our goal is to test the universality of the Unruh ef-
fect with respect to a change of boundary conditions in
the cavity. We begin by considering an oscillator detec-
tor uniformly accelerating through a cavity field that is
initially in the vacuum state.
It should be noted that when considering accelerating
detectors it is necessary to include many modes in the
field expansion. This is due to the fact that the detector
will experience an exponentially changing time dilation
with respect to the cavity frame which translates into a
modulating blueshift of the mode frequencies as seen by
the detector. Thus, the field modes with which the detec-
tor is resonant will rapidly change and, if the acceleration
or time of evolution is large enough, very high mode num-
bers can make significant contributions to the evolution
of the detector. In our work we have been vigilant to
ensure that enough field modes were included such that
further additions do not modify the results obtained for
the detector.
Because the non-perturbative Gaussian formalism pre-
sented in Sect. III slows down considerably for a large
number of field modes, we use the standard perturba-
tive formalism up to the first order to ensure complete
convergence with respect to the number of field modes.
For example, in the periodic case this method involves
evaluating the integral∫ T
−T
dτHˆI(τ) (18)
so, for periodic boundary conditions we therefore need to
evaluate
In, = λ0
∫ T
−T
dt · ei(Ωt− 2pinL exp(−at))− t
2
2σ2 (19)
which is the contribution to the excitation probability
amplitude for a given field mode, where  is used to sum
over left- and right-moving modes and the last term in the
exponential is the Gaussian switching function (see below
for more details). We can use them (after normalization)
in a partial sum over the number of field modes. That is,
P =
∑
n,
1
4npi
|In,|2 (20)
This gives the first-order perturbation theory result for
the probability of transition of the detector from the
ground state to the first excited state.
Now, when beginning its evolution the detector is ini-
tially in its ground state, but through its interaction with
the field it will generally become excited. After the evolu-
tion of the detector-field system is complete we will exam-
ine the state of the detector, which will be fully specified
by its 2 × 2 covariance matrix σd. In order to conclude
that the detector has experienced a thermal Unruh bath
during its acceleration, we look for two things: first, that
the detector has evolved to a thermal state and, second,
that the corresponding temperature grows linearly with
the acceleration experienced by the detector.
A. Thermality
The non-perturbative approach from [16] is very well
suited for testing the thermality of our detector. Not only
is thermality easily tested, but because we have the ex-
act (non-perturbative) state of the detector we are able to
6make a definitive statement about thermalization. In or-
der to make conclusions about thermalization using per-
turbation theory, one would at the least need to expand
to higher orders, and at the worst it would be impos-
sible due to the long time scales typically required for
thermalization to occur where perturbation theory may
break down.
Once the detector has completed its evolution it will
be, up to phase-space rotation (i.e. free evolution), in a
squeezed thermal state of the form
σd =
(
νer 0
0 νe−r
)
, (21)
where ν is the covariance matrix’s symplectic eigenvalue
and r is its squeezing parameter. These diagonal entries
are just the eigenvalues of σd, λ± = νe±r, from which the
symplectic eigenvalue and squeezing parameter follow as
ν =
√
λ+λ− and e2r = λ+/λ−. We must now determine
whether the amount of thermality introduced by ν is a
much greater contributor to the energy of the detector’s
state compared to the amount of squeezing. If so, then
the state can be said to be nearly thermal. If they are
comparable, or if squeezing has the greater contribution,
then we can not claim that the detector thermalizes.
To compare these two effects we study how they con-
tribute to the free energy of the detector. For small
squeezing (which is satisfied in our scenario) the energy
above the ground state energy, to leading order in r, a
power series expansion straightforwardly yields
E − E0 = Ωd
[
(ν − 1) + 1
2
νr2
]
, (22)
where Ωd is the detector frequency. Since ν is of order
unity (and is in fact remains very close to unity for our
situation) a good test for thermality is
ν − 1 r2 (23)
If this inequality is satisfied then the detector can be said
to be very nearly thermal. Equivalently, if
δ ≡ r
2
ν − 1
is very small, the detector is said to be thermal.
We find that the detector thermalizes very well in all
of the three boundary conditions considered: periodic,
Dirichlet, and Neumann. We find numerically that for
the parameters given in Sect. II, δ is on the order of
10−6 in all three cases. That is, the squeezing experi-
enced by the oscillator is extremely minute compared to
its thermality, and thus the detector can be said to be
very nearly thermal.
The first of our two conditions to verifying the Unruh
effect (thermality and temperature proportional to accel-
eration) is satisfied for all three boundary conditions.
B. Unruh temperature
We are now in a position to compute the tempera-
ture of the evolved detector σd. For a single oscillator
of frequency Ωd the form of an exactly thermal state is
σthermd = diag(ν, ν), for which the temperature is [29]
T = Ωd
[
ln
(
1 +
2
ν − 1
)]−1
. (24)
Since in our scenario we have already confirmed that our
detector thermalizes to an excellent approximation we
are able to use this equation to compute the temperature
of our detector with negligible error, where ν =
√
λ+λ−
as above.
For each of the three boundary conditions (periodic,
Dirichlet, and Neumann) we compute this temperature
for various values of acceleration. These results are
displayed in figure (2). Notice that our least-squares
fit is performed on first-order perturbative results. For
small coupling strength the perturbative result for the
transition probability of the accelerated detector is in
close agreement with the result obtained by the non-
perturbative approach. Specifically, the probability com-
puted up to leading order (as explained above) is of
O(λ2) and it is easily shown that the next relevant or-
der, and thus the difference between the perturbative and
non-perturbative answers, is O(λ4). For small tempera-
tures, therefore, one need not use the non-perturbative
approach to estimate the temperature of the oscillator de-
tector, assuming that the detector is in a thermal state.
When including a very large number of field modes it
is computationally more convenient to plot the first or-
der perturbative results with three objectives in mind:
1) from the probability (20) and assuming thermality,
compute the temperature using the standard Boltzmann
distribution and check that it varies linearly with accel-
eration, 2) check that the non-perturbative results (us-
ing (24)) are computed with enough numerical accuracy
to reproduce the perturbative plot up to O(λ4), ensur-
ing that had we used an infinite number of modes both
methods would converge, and 3) use the non-perturbative
results to ensure thermality of the system. Note that this
last step cannot be easily carried out with a perturbative
calculation (this was done and discussed in the previous
section).
From the plot of the trajectory (Fig. 1), notice that
very high acceleration data points involve the atoms ex-
iting the cavity for a small part of their trajectories.
To prevent switching noise from damaging the results,
we keep the field continuous beyond the cavity, but be-
cause the switching function is effectively zero when the
detector crosses the boundary, the interaction will be
negligible. Notice that the high acceleration results are
not qualitatively different from lower acceleration results,
justifying our negligibility assumption.
Remarkably we find that for all three boundary con-
ditions the temperature grows linearly with acceleration,
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demonstrating that the qualitative features expected of
the Unruh effect are very much independent of the details
of the cavity. This settles any doubt regarding the exis-
tence of the Unruh effect when an IR-cutoff for the field
is introduced (i.e. when inside a cavity). There has been
some skepticism [30–32] stemming from the large num-
ber of technical assumptions that go into the canonical
derivation of the Unruh effect [6] and how the presence of
a cavity might alter or even eliminate its existence. We
have demonstrated not only thermality and the existence
of the effect in a cavity (first shown in [16] and reaffirmed
here), but also that the boundary conditions ascribed to
this cavity are all but irrelevant (see Fig. 3). Indeed the
numerical similarity between the different cases is strik-
ing.
We note that the slope of the detector temperature
with respect to acceleration is not equal to the value
of 1/2pi predicted by the canonical free-space derivation.
8This is not overly surprising since we are working in a
cavity setting rather than free space; significant border
effects should be expected when studying such phenom-
ena. Our results demonstrate, however, that the inclu-
sion of an IR cutoff does not destroy the Unruh effect
understood as the thermal response of a particle detec-
tor with a temperature proportional to the acceleration,
and what is more, that the detector actually thermalizes
to that particular temperature. If we were to take our
cavity to the continuum limit we would expect (at least
in the case of periodic boundary conditions) the slope to
converge to the usual value of 1/2pi. We leave such a
study for future work.
C. XP Coupling
In this portion of the paper we shall briefly discuss
the effect of varying the form of coupling between the
field and the detector. In particular, the question we
ask is: what happens when the monopole coupling of
equation (1) is modified such that the detector couples
to the conjugate momentum of the field instead of the
field itself?
In this form, we can no longer maintain the point-
like coupling assumption for the detector-field coupling.
After a Fourier transform, it is apparent that a point-
like X − P coupling is akin to coupling the detector’s
monopole moment to the field in an extremely delocal-
ized way, such that the detector couples to the field every-
where. Thus this coupling is ill-defined and, without the
introduction of spatial smearing, will yield divergences.
We will therefore regularize the interaction assuming
that the detector’s coupling strength to the canonical mo-
mentum of the field varies with the field frequency. A
frequency-dependent effective coupling appears naturally
when considering spatially smeared detectors [13, 33], al-
though in our case we would make the simpler assump-
tion that the coupling strength is inversely proportional
to the frequency of the mode. In this way we can analyze
the following coupling for periodic boundary conditions:
Hint = i
∑
n
λn ·
√
ωn
2L
(
ad + a
†
d
)
[
ane
iknx(τ) − a†ne−iknx(τ)
]
(25)
where λn → λ(τ)/ωn so that the energy density falls off
with high energy modes at the same rate as in the X−X
coupling case. We note here that in first order perturba-
tion theory, the negative sign does not contribute to the
probability of transition and this scenario is exactly the
same as the X − P coupling.
In the non-perturbative case, we produced the same
plot as the periodic curve of figure 2 with the modified
coupling; all data points were exactly the same. This tells
us that the periodic X−P coupling sign change is still a
symmetry of the non-perturbative case. We believe that
this should be observable when examining the equations
(3) and (25) but we do not prove this here.
V. CONCLUSIONS
In this work we have non-perturbatively solved for the
evolution of an oscillator detector undergoing uniform
acceleration through a cavity field. We have confirmed
recent previous work [16] demonstrating that the Unruh
effect does indeed occur inside a cavity, and furthermore
we have demonstrated that this result is independent of
the boundary conditions applied to the field, implying
that the Unruh effect is a very universal phenomenon.
Specifically, we have considered vacuum cavity fields with
periodic, Dirichlet, and Neumann boundary conditions.
In all three cases we have observed that an accelerating
oscillator detector evolves to a thermal state and that
the temperature obtained by the detector increases lin-
early with its acceleration. Furthermore the results be-
tween the three cases are numerically very similar. This
indicates that not only is the phenomenon qualitatively
universal but, with respect to the case of boundary con-
ditions, also quantitatively universal. We have also made
some conclusions regarding the use of different detector-
field couplings that further strengthens these claims.
Moreover, our use of the non-perturbative oscillator
model has allowed us to make significantly stronger
claims regarding the thermality experienced by the de-
tector than can be made using the standard perturbative
framework typically employed in the literature. That is,
we have concluded that in our scenario an accelerating
detector in fact evolves to a thermal state, rather than
merely exhibiting a thermal response function. Ques-
tions of thermalization cannot be made in perturbation
theory without resorting to higher order expansions, and
in some scenarios may actually be impossible due to the
large time scales often required for thermalization where
perturbation theory breaks down.
More generally, the results of this paper suggest that
the Unruh effect and similar phenomena such as Hawking
radiation may be largely independent of the details of
the system [34]. In addition to theoretical interest, such
universality bodes well for an eventual experiment where
the Unruh effect could be measured.
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